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Summary of notation 
 
X, Y, Z : space-fixed axes 
x, y, z : molecule-fixed axes 
φ, θ, χ : Euler angles 
J : total angular momentum 
L : electronic orbital angular momentum 
S : electronic spin angular momentum 
N : total angular momentum excluding electron spin, i.e., N = J − S  
M : projection of J onto the Z axis in the space-fixed frame. 
Λ : projection of L onto the internuclear axis 
Σ : projection of S onto the internuclear axis 
Ω : projection of J onto the internuclear axis 
B : rotational constant in units of Joule !: rotational constant in units of cm-1 !: centrifugal distortion constant in units of cm-1 
A : spin-orbit coupling constant in units of cm-1 
γ : spin-rotation coupling constant in units of cm-1 !(J): rotational energy in units of cm-1 
Erot(J): rotational energy in units of Joule  
h : Plank’s constant 
c : velocity of light in vacuum 
me : mass of an electron 
e : absolute value of the electron charge  
kB : Boltzmann constant 
µ : dipole moment 
αpq, αPQ : components of polarizability tensor (p,q = x, y, z ; P,Q = X, Y, Z) 
βpqr : hyperpolarizability (p,q,r = x, y, z) 
H : Hamiltonian !!,!!! !, !,! : elements of (2j+1)×(2j+1) Wigner rotational matrix 
E(t): electric field 
I : focal intensity of laser 
λ : wavelength 
ω : angular frequency of optical fields 
Trot : rotational temperature 
τrot : rotational period 
t : time 
γK : Keldysh parameter 
Ip : ionization potential 
W : ionization probability 
Γ : ionization rate 
Up : pondermotive energy 
Zrot : rotational partition function 
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Chapter 1 
 
 
Introduction 
 
 
1.1  Ultrafast processes induced by intense laser pulses 
 
In order to observe ultrafast dynamical processes of atoms and molecules in real 
time, various technologies for generating ultrashort laser pulses have been developed 
[1-5] since the first laser was built by Maiman [6]. Nowadays, table-top femtosecond 
(10-15 s) laser systems are commercially available. Such ultrashort laser pulses are 
suitable for following rotational [7] and vibrational [8] motions of molecules in real time 
because of their high temporal resolution. Recent development in laser technology can 
allow us to use even shorter laser pulses whose pulse width is several hundreds or tens of 
attoseconds (10-18 s) [9-11], which can follow valence electron motion in real time [12, 
13].  
Aside from the generation of the ultrashort laser pulses, technological advances in 
increasing laser power are also remarkable [5, 14]. The peak power of the ultrashort laser 
pulses was limited because high-power short laser pulses cause damage to an active 
medium of an amplifier. However, a novel method of amplification, called chirped-pulse 
amplification (CPA) [15], broke the limitation and brought a breakthrough [16].  
These developments in laser technology have changed quality of light sources 
dramatically and have opened up a new research field called strong-field physics (see refs. 
[17-23] for reviews). When a high-power laser pulse with a duration of several 
femtoseconds is focused onto a small area by an optical lens, a focal intensity of     
1012 - 1016 W/cm2 can be easily achieved because much energy is concentrated into a 
small volume in a very short period of time. The corresponding strength of an electric 
field is on the order of 107 - 109 V/cm, which is comparable to the strength of a Coulomb 
field in atomic and molecular systems.   
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One of the most common phenomena induced by the intense laser pulses is 
ionization [24-27]. When atoms and molecules are irradiated with the intense laser pulses 
whose photon energy is much lower than ionization potential, they can be ionized by 
absorbing several photons. This phenomenon, known as multiphoton ionization, was 
observed in 1963 [28] and can be interpreted within a frame of the lowest-order 
perturbation theory (LOPT) [29]. According to the LOPT, the n-photon ionization rate is 
proportional to In, where I is the laser intensity.  
A crucial breakthrough has been brought by the observation of a new ionization 
process, called above-threshold ionization (ATI) [30]. It has been found that an electron 
ejected from Xe via an ionization process can absorb additional photons in excess of the 
minimum number required for ionizing atoms [30]. Several peaks separated by the 
photon energy appear in a photoelectron spectrum. This characteristic structure of the 
photoelectron spectrum is called the ATI structure. Interestingly, yields of the ATI 
photoelectrons that have high kinetic energy do not obey the LOPT when the laser 
intensity is sufficiently high [31]. The breakdown of the LOPT clearly shows that the 
intense laser pulses cannot be regarded as a perturbation anymore. The required intensity 
to induce such non-perturbative effects is higher than 5×1012 W/cm2 [21]. 
As the laser intensity increases, another ionization process, called tunneling 
ionization [32], becomes dominant. A CO2 laser, whose wavelength is 10.55 µm or   
9.55 µm, was used in the first experiment of the tunneling ionization [33] because this 
ionization process is effectively induced when the wavelength of the laser pulse is 
relatively long. In recent studies on the tunneling ionization and other strong-field 
phenomena, a titanium-doped sapphire laser with a central wavelength of 800 nm [34] 
has been commonly used. In this ionization process, the laser field behaves as an electric 
field rather than a photon. As shown in Fig. 1.1, a binding potential of electrons in an 
atomic system is distorted by the laser field when the laser intensity is sufficiently high. 
The significant distortion of the binding potential occurs with a period of 1.33 fs, which 
corresponds to a half of the optical period of Ti:Sapphire laser pulses. A potential barrier 
is formed because of the combination of the Coulomb potential and laser field. Electrons 
can tunnel through this barrier.  
As described above, there are two ionization mechanisms: multiphoton ionization 
and tunneling ionization. The Keldysh parameter γK is often used to estimate which 
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mechanism is dominant. This parameter is defined as  
γK=
IP
2Up
, (1.1) 
where IP is the ionization potential and Up is the ponderomotive energy [32]. The 
pondermotive energy, which is also known as the cycle-averaged kinetic energy of a 
quivering electron in a laser field, is given by 
Up=
e2E2
4meω2
, (1.2) 
where e is the absolute value of the electron charge, E is the electric field strength, me is 
the mass of an electron, and ω is the angular frequency of the laser field. The tunneling 
ionization is a dominant process when γK is much lower than 1, which means that a low 
frequency and high intensity are required for this ionization process [32]. These 
conditions allow electrons to have enough time to go through the potential barrier. 
Although Keldysh parameter is a good indicator for distinguishing the multiphoton 
ionization and tunneling ionization, it should be noted that both mechanisms can 
contribute to the ionization process at the same time under some conditions. In fact, the 
contribution of the tunneling ionization is still present even when γK >1 [27]. Another 
empirical indicator for distinguishing the two ionization processes is ATI structures in 
photoelectron spectra [18]. As the laser intensity increases, the ATI structures in the 
spectra vanish. The change of spectral structures can be regarded as a sign of transition 
from the multiphoton ionization to the tunneling ionization [18, 35].  
In order to have a better understanding of the tunneling ionization process in 
atomic systems, various analytic formulae of ionization rate have been proposed [32, 
36-41]. The tunneling ionization rate of hydrogen atoms in the ground state was derived 
by Landau [41]. The derived formula shows an exponential dependence on a field 
strength. Basically, the tunneling ionization rate of any atoms is governed by the 
exponential factor, exp(−2κ3/(3E)), with κ = (2IP)1/2 [25]. A typical ionization rate of 
hydrogen atoms is shown by a green shade in Fig. 1.1. As can be seen, the ionization rate 
is increased only when the amplitude of the laser field is large. In other words, atoms are 
ionized every 1.33 fs if the wavelength of the laser pulse is 800 nm. The tunneling 
ionization occurs in a very short time (~ 700 as). Therefore, the tunneling ionization itself 
is an ultrafast phenomenon.  
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The proposed formulae of the ionization rate have been tested by comparing 
calculated ion yields with measured ones [42-44]. Since the intensity of laser pulses 
changes with time, it is necessary to obtain ionization probability by integrating the 
ionization rate over t. According to a rate equation, the ionization probability W is given 
by ! = 1 − exp − !!" ! !"!!! , (1.3) 
where ΓTI(t) is the tunneling ionization rate. One of the most commonly used formulae for 
calculating the ionization rate was proposed by Ammosov, Delone, and Krainov (ADK) 
in 1986 [40]. It has been shown that the dependence of atomic ion yields on the laser 
intensity is well reproduced by the ADK formula [42].  
Electrons ejected via the tunneling ionization process can trigger other interesting 
phenomena, such as high-order harmonic generation (HHG) [45-47] and non-sequential 
double ionization (NSDI) [48, 49]. These novel phenomena are well explained by the 
three-step model [47]. The first step of this model is an ejection of an electron via the 
tunneling ionization process. In the second step, the ejected electron is accelerated by the 
laser field and returns back towards the ion core with high kinetic energy because the 
laser field oscillates with time. Finally, the accelerated electron collides with the ion core. 
The non-sequential double ionization is induced if the colliding electron has sufficient 
energy to ionize the singly-charged ion. It has been found that the contribution of the 
non-sequential double ionization is large at low intensity region for He [48-50] and Ne 
[50]. As the laser intensity increases, sequential double ionization (SDI) plays an 
important role. In the sequential double ionization, singly-charged ions generated by 
intense femtosecond laser pulses are further ionized in the laser fields. The dependence of 
a doubly-charged ion yield on the laser intensity is well reproduced by calculation based 
on the ADK formula when the laser intensity is sufficiently high, which assures that the 
sequential double ionization is a responsible process. If the colliding electron is captured 
in the ionic core, the excess energy is released as high-energy radiation, known as 
high-order harmonics.  
In contrast to atoms, strong-field ionization of molecules is still unclear because 
complexity of molecules leads to rich dynamics. In fact, the ionization of molecules is 
often followed by dissociation. If multiply-charged molecular ions are produced by the 
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intense laser pulses, most of them dissociate into fragment ions immediately because of a 
Coulomb repulsive force between positively-charged atomic ions. This phenomenon is 
known as Coulomb explosion. The kinetic energies of fragments produced by the 
Coulomb explosion have information on a molecular structure just before the 
fragmentation. If the multiple ionization of diatomic molecules occurs at an equilibrium 
internuclear distance, Coulomb-exploded fragments have large kinetic energy. In contrast, 
the kinetic energy of the fragments is smaller if the multiple ionization occurs at a longer 
internuclear distance. For polyatomic molecules, the directions of ejected fragments are 
also important because they reflect a bond angle just before the Coulomb explosion. In 
fact, detailed analyses of released kinetic energies and directions of Coulomb-exploded 
fragments have revealed that the structures of triatomic molecules are strongly deformed 
in the intense laser fields [51-70]. The concept of light-dressed potential energy surfaces 
is helpful to understand the ultrafast structural deformation [71]. For polyatomic 
molecules containing hydrogen atoms, ultrafast dynamics of hydrogen atoms or protons, 
Figure 1.1: Tunneling ionization of a hydrogen atom. Distorted potentials of the 
atom in an intense laser pulse at 0.0, 0.67, and 1.33 fs are shown by blue curves in 
top panels. The ionization rate is calculated using the formula given by Landau 
[41]. The 10-fs laser pulse with an intensity of 2.0×1014 W/cm2 is assumed. 
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called hydrogen migration, has been well investigated [72].  
In addition to the dissociative ionization of molecules, ionization processes 
associated with a generation of stable singly-charged molecular ions have been also 
investigated to reveal differences between molecules and atoms in the strong-field 
ionization [73-77]. As mentioned before, the tunneling ionization rate is mainly governed 
by the exponential factor that includes ionization potential and laser intensity [25]. It is, 
therefore, expected that ion yields of atoms and molecules are the same at a specific laser 
intensity if they have similar ionization potentials. In order to verify this prediction, the 
ion yields of various atoms and molecules have been measured as a function of laser 
intensity [73-77]. The ion yields of N2 (Ip = 15.58 eV) and Ar (Ip = 15.76 eV) show the 
same dependence on the laser intensity [74]. However, the ion yield of O2              
(Ip = 12.03 eV ) is lower than that of Xe (Ip = 12.13 eV) [74], which contradicts with the 
prediction. Several theoretical models have been proposed to explain the difference 
between the yields of atomic and molecular ions [78-81]. The molecular 
Ammosov-Delone-Krainov (MO-ADK) theory [81] is one of the most widely adopted 
theories that can explain this discrepancy. According to this theory, the difference 
between the O2+ and Xe+ yields is due to the dependence of the ion yield on the angle 
between the molecular axis and the polarization direction of the laser pulse. The 
MO-ADK theory provides an analytical formula for calculating tunneling ionization rate 
of molecules [81]: 
 
ΓTI=
|Bm'|
2
2 m'  m' !
1
κ2ZC/κ!1 2κ3F
2ZC/κ!|m'|!1
exp − 2κ3
3F
m'
, (1.4) 
where 
|Bm'|
2= ClDm'ml R Qlm'
l
!
 (1.5) 
and 
Qlm=( − 1)m 2l+1 l+|m| !2(l − |m|)! . (1.6) 
Here, Cl is the structural parameter, Dm'ml R  is the Wigner D matrix element, and R 
represents Euler angles. In Eq. (1.4), |Bm|2 is responsible for the angular dependence of 
the ionization rate, which reflects the shape of the highest-occupied molecular orbital 
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(HOMO). The ionization rate of the MO-ADK theory includes the exponential factor, 
exp(−2κ3/(3E)), as in the ADK theory. Low ionization potential and high laser intensity 
are required for increasing the tunneling ionization rate of molecules because the 
magnitude of this rate is mainly governed by this exponential factor. It should be noted 
that electrons can be ejected from lower-lying orbitals [82-89]. However, the contribution 
of such orbitals to the tunneling ionization is relatively small because they have high 
ionization potentials compared to the HOMO.  
One of the most promising techniques for investigating the strong-field ionization 
of molecules is nonadiabatic molecular alignment [90-92]. Various rotational eigenstates 
are coherently populated via a series of rotational Raman excitations by linearly-polarized 
intense femtosecond laser pulses, which results in a creation of a rotational wave packet. 
Molecular axis distribution localizes periodically along the polarization direction of the 
laser pulses.  This technique enables us to fix molecular axes in space under a field-free 
condition because the rotational wave packet evolves with time after the laser field 
vanishes. After the first experimental demonstration of this technique [7], the dependence 
of ion yields on the angle between the molecular axis and the polarization direction of 
laser pulses was investigated for linear molecules and compared with calculations based 
on the MO-ADK theory [93]. For N2 and O2, it has been verified that the angular 
dependence of ion yields reflects the shape of the HOMO [93].  
The strong-field ionization of molecules is important amongst the various 
phenomena induced by intense femtosecond laser pulses because it can be the first step of 
other phenomena. Moreover, the strong-field ionization, which is often followed by 
dissociation, can be used as probes of chemical reactions [94, 95], wave-packet dynamics 
[7, 95-101], molecular orbitals [93, 102], molecular structure [103, 104], and electron 
correlation [105]. Unveiling the strong-field ionization process of molecules is desired to 
understand various strong-field phenomena following the ionization and broaden the 
possibility of application for probing molecular properties and dynamics. Most studies on 
the ionization process, however, have focused on dissociation processes following the 
ionization. Ionization processes associated with production of stable molecular ions have 
not been investigated intensively even though these ions can be produced as intermediate 
species of various strong-field phenomena. It is necessary to prepare axis-controlled 
molecules to study the strong-field ionization of molecules because the ionization 
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probability depends on the angle between the molecular axis and polarization direction of 
the laser pulses. In addition to fixing the molecular axis in space, distinguishing the head 
and tail of a polar molecule, i.e., control of molecular orientation, is also required to 
obtain deep insight into the strong-field ionization of molecules. However, techniques for 
controlling molecular orientation are still immature compared to those for controlling 
molecular alignment. Vibrational- and rotational-state distributions of molecular ions 
produced by intense femtosecond laser pulses should be also revealed to have a deep 
understanding of the strong-field ionization because they reflect how the molecules 
interact with the laser pulses and how molecular ions are generated. Although there are a 
few experimental studies on the vibrational-state distribution of H2+ [106, 107], 
rotational-state distribution of other molecular ions in the electronic ground state has not 
been investigated.  
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1.2  Thesis Outline 
 
The primary goal of this thesis is to unveil the ultrafast strong-field ionization of 
molecules, especially processes associated with the production of molecular ions. This 
thesis is structured as follows. 
Chapter 1 serves as an introduction to ultrafast strong-field phenomena, especially 
the strong-field ionization. The first aim of this chapter is to provide a research 
background, which is required to understand works in this thesis. The second aim of this 
chapter is to establish and emphasize the importance of the strong-field ionization.  
Chapter 2 describes theoretical fundamentals for controlling molecular axis 
distribution, i.e., molecular alignment and orientation. In order to have a deep 
understanding of the strong-field ionization, control of molecular axis distribution is a 
promising technique because this ionization process depends on the angle between the 
polarization direction of the laser pulses and molecular axis.  
In Chapter 3, multiple-ionization processes of axis-controlled OCS is investigated 
using a pump-probe method, in which the pump pulse prepares aligned OCS molecules 
based on the technique described in Chapter 2 and the probe pulse ionizes molecules. It is 
shown that the yields of OCS2+ and OCS3+ are very sensitive to a change of molecular 
axis distribution. The dependences of the OCS2+ and OCS3+ yields on the angle between 
the molecular axis and polarization direction of the ionizing laser pulse are obtained. 
These angular dependences are expected to be useful for understanding succeeding 
dissociation processes.  
Chapter 4 is devoted to the enhancement and control of molecular orientation, 
which is a desired technique for understanding the ionization process of molecules deeply. 
An intense laser pulse and two-color intense laser pulses are used to orient molecules. 
The dependence of the orientation dynamics on delay between the two laser pulses is 
investigated for the first time. 
In Chapter 5, spectroscopic studies on N2O+ produced by intense femtosecond laser 
pulses are presented. In contrast to Chapter 3, the ionization process is investigated in 
terms of vibrational- and rotational-state distributions. Differences between ionization 
processes by perturbative and non-perturbative lights are discussed based on obtained 
vibrational- and rotational-state distributions.  
Chapter 6 summarizes the whole chapters in this thesis. 
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Chapter2 
 
Rotational Motion of Molecules 
 
 
In this thesis, ionization and coherent rotational motion of carbonyl sulfide (OCS) 
and nitrous oxide (N2O) are investigated. This chapter provides theoretical fundamentals 
that are necessary for understanding the rotational motion of these molecules and cations. 
In the former part of this chapter, formulae of rotational energy are presented for OCS  
(X 1Σ+), N2O (X 1Σ+), and N2O+ (X 2Π and A 2Σ+). The latter part of this chapter 
includes theoretical details about coherent rotational dynamics of these molecules and 
cations.  
 
 
2.1  Rotational energy levels of molecules and ions 
 
2.1.1  OCS (X 1Σ+) and N2O (X 1Σ+)  
 
The electronic configurations of OCS and N2O are expressed as 
[(1σ)2 (2σ)2 (3σ)2 (4σ)2 (5σ)2(1π)4] (6σ)2 (7σ)2 (8σ)2 (9σ)2 (2π)4 (3π)4 
and 
 [(1σ)2 (2σ)2 (3σ)2] (4σ)2 (5σ)2 (6σ)2 (1π)2 (7σ)2 (2π)4,    
respectively. Here, orbitals in the square brackets are core orbitals. For these linear 
molecules, the molecular term symbols of the electronic ground states are represented by 
X 1Σ+. In a 1Σ+ state, rotational energy Erot(J) is expressed by a simple form that depends 
only on the total angular momentum quantum number, J: 
Erot(J) = BJ(J+1), (2.1) 
where B is the rotational constant in units of Joule. This formula can be expressed in 
terms of cm-1 as  !(J) = Erot(J)/(100hc) = !J(J+1), (2.2) 
where ! is the rotational constant in units of cm-1. The rotational constants of OCS and 
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N2O are reported to be 0.202856753 cm-1 and 0.419011034 cm-1, respectively [108]. 
Equations (2.1) and (2.2) are valid only when a molecule can be regarded as a rigid rotor.  
The rotational energies of OCS and N2O are calculated using Eq. (2.2) and shown 
in Fig. 2.1. In this figure, the signs, + and −, represent total parity, which reflects how the 
sign of a molecular wave function changes by applying a space-fixed inversion operator. 
The positive sign, +, means that the inversion operator leaves the total molecular wave 
function unchanged. On the other hand, the negative sign, −, means the sign of the wave 
function is changed by the inversion operator. The total parity alternates with J for OCS 
and N2O in the X 1Σ+ state.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Rotational energy levels of OCS and N2O in the 
electronic ground state. Both molecules are assumed to be rigid 
rotors. Total parity of each level is denoted by + and −. 
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2.1.2  N2O+ (X 2Π) 
 
Nitrous oxide cation (N2O+) in the electronic ground state is a linear molecular ion 
that has an unpaired electron. The electron configuration is expressed as [109]  
[(1σ)2 (2σ)2 (3σ)2] (4σ)2 (5σ)2 (6σ)2 (1π)2 (7σ)2 (2π)3. 
The molecular term symbol of the electronic ground state is represented by X 2Π. This 
electronic state is well described by Hund’s coupling case (a) [110]. In this coupling 
scheme, good quantum numbers are J, Ω, Λ, S, and Σ.  
In a 2Π state, the possible values of |Ω| are 0.5 and 1.5 because of |Λ| = 1 and    
|Σ| = 0.5. The two electronic states associated with |Ω| = 0.5 and 1.5 are separated by 133 
cm-1 because of the spin-orbit interaction [111]. The two split states, X 2Π3/2 and      
X 2Π1/2, are called the F1 component and F2 component, respectively.  
Compared to rovibrational energy levels of linear triatomic molecules in 1Σ+ states, 
those of linear triatomic molecules in 2Π states can be quite complex [112]. In degenerate 
electronic states (e.g., Π, Δ, and other electronic states, except for Σ), an orbital angular 
momentum of electrons lies along the molecular axis. An angular momentum arisen from 
degenerate bending vibrations is coupled with this electronic angular momentum. As a 
result, a vibronic angular momentum is created. The vibrational angular momentum has 
two possible orientations along the internuclear axis with the magnitude of ±l, where l is 
the quantum number of the vibrational angular momentum along the molecular axis. 
Hence, the vibronic angular momentum is ħK, where K=|±Λ±l|. Because of the vibronic 
angular momentum, the rotational energy levels depend on J and K as shown below [112, 
113]: 
! !,! = B! − D !! + ! + 12 ! ± 12 4 B∗ − 12 ! ! + ! − 2B∗! !, (2.3) 
where ! is the centrifugal distortion constant, γ is the spin-rotation coupling constant, A 
is the spin-orbit coupling constant, x = (J + 1/2)2 − K2, and B∗ = B − 2Dx. The 
molecular constants of N2O+ in the X 2Π (000) state are determined as B = 0.41026 
cm-1, D = 1.74×10-7 cm-1, A = −132.35508 cm-1, and γ = −0.014237763 cm-1 [110, 113]. 
Here, three integers in parentheses represent vibrational quantum numbers of symmetric 
stretching, bending, and anti-symmetric stretching modes in order. The signs, − and +, 
before the square root are associated with the F1 component and the F2 component, 
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respectively. The effect of the Λ-doubling can be considered by adding the correction 
term to the Eq. (2.3) [114]. A schematic diagram of rotational levels is shown in Fig. 2.2. 
Because J cannot be lower than |Ω|, the lowest J of the F1 and F2 components are 1.5 and 
0.5, respectively. 
 
 
 
 
 
 
 
 
 
Figure 2.2: A schematic diagram for the energy levels of the X! 2Π3/2, 1/2 and    
A!  2Σ+ states of N2O+. The spin-rotation splitting in the A!  2Σ+ state and the 
Λ-doubling in the X! 2Π state are exaggerated.  
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2.1.3  N2O+ (A 2Σ+) 
 
The first electronic excited state of N2O+ is the A 2Σ+ state. This state is well 
described by Hund’s coupling case (b). Good quantum numbers for this coupling scheme 
are Λ, N, S, and J. Rotational energy is calculated by the following equations [113, 115]: 
! ! = !! ! + 1 − !!! ! + 1 ! + 12 !"!! F1 component  (2.4) 
! ! = !! ! + 1 − !!! ! + 1 ! − 12 ! ! + 1 !!! F2 component  (2.5) 
Here, F1 and F2 denote levels with J = N + 1/2 and J = N − 1/2, respectively. A schematic 
diagram of rotational levels is represented in Fig. 2.2. The molecular constants of N2O+ in 
the A 2Σ+ (200) state are reported to be ! = 0.42893 cm-1, ! = 1.6 × 10-7 cm-1, and γ = 
0.0013 cm-1 [110]. 
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2.2  Molecular alignment and orientation 
 
2.2.1  Theoretical fundamentals on molecular alignment  
 
When a nonresonant femtosecond laser pulse is strong enough to induce a dipole 
moment in a molecule, molecular alignment is achieved via the interaction between the 
induced dipole moment and laser pulse [116]. The interaction potential is given by 
!! ! ! = − 12 ! ! !" !!! , (2.6) 
where α is the polarizability tensor and E(t) is the electric field vector. If the electric field 
of the laser pulse oscillates along the Z axis in the space-fixed frame, the interaction 
potential is reduced to   
!! ! ! = − 12 0!!0!!! ! !!! !!" !!"!!" !!! !!"!!" !!" !!! 00! ! = − 12!!! ! ! !. 
(2.7) 
Here, !!"  (P, Q = X, Y, Z) is the tensor component of the polarizability in the 
space-fixed frame. The electric field of the linearly-polarized laser pulse is expressed by  ! ! = ! ! cos!", (2.8) 
where ε(t) is the envelope function of the laser pulse and ω is the angular frequency of the 
laser field. Equation (2.7) is inconvenient because the value of αZZ changes if the 
molecule rotates. Therefore, it would be more reasonable to express αZZ by tensor 
components in the molecule-fixed frame, !!" (p, q = x, y, z). Such transformation can be 
carried out by the direction cosine matrix Φd as shown below: !!"#. = !!!!"#$% (2.9) 
Thus, the interaction potential is expressed by the following formula that contains 
components of the polarizabiliy tensor in the molecule-fixed frame: 
!! ! ! , !,! = − 12 ! ! ! !!! − !!! cos! ! sin! ! + !!! + !!! − !!! cos! ! , 
(2.10) 
where χ and θ are Euler angles. This interaction potential does not depend on φ because 
the laser pulse polarized along the Z axis has cylindrical symmetry. For linear molecules, 
αxx is equal to αyy when choosing the molecular axis of the linear molecule as the z axis. 
Therefore, we obtain the final form 
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!! ! ! , ! = − 12 ! ! ! !! sin! ! + !|| cos! ! = − 12 ! ! ! !! + ∆! cos! ! , 
(2.11) 
where α = αxx =αyy, α|| = αzz, and Δα = α|| − α. The polarizability anisotropy Δα is larger 
than zero for most linear molecules. As can be seen from Eq. (2.11), the interaction 
between the intense laser pulse and linear molecule depends on the angle between the 
molecular axis and polarization direction of the laser pulse, θ. 
The typical timescale of rotational motion is about 10-12 - 10-10 s in the case that 
linear triatomic molecules are considered. This timescale is much longer than the pulse 
width of the intense femtosecond laser pulse. Under such conditions, sequence of 
rotational Raman excitations is induced by the interaction between the molecule and 
intense femtosecond laser pulse. As a result, several rotational states are coherently 
populated [117]. In other words, a rotational wave packet is created. Molecular axis 
aligns along the Z axis in the space-fixed frame periodically under a field-free condition 
because of the time evolution of the rotational wave packet [90, 91]. 
 The dynamics of the molecular alignment can be investigated by solving the 
time-dependent Schrödinger equation (TDSE) shown below: 
!ℏ !!" !(!) = ! !(!) . (2.12) 
The rotational wave packet !(!)  is expanded in the complete set of rotational 
eigenstates as !(!) = !! ! !!!!!"# !ℏ ! ! ,!  (2.13) 
where n is the collective rotational index, !  is the basis function, and Erot(n) is the 
rotational energy in units of Joule. Under a rigid-rotor approximation, Hamiltonian is 
written as  
! = !! + !! ! ! , ! = !! − 12 ! ! ! !! + ∆! cos! ! , (2.14) 
where H0 is the field-free Hamiltonian. Since !  is the eigenstates of the field-free 
Hamiltonian, !! ! = !!"# ! !  is satisfied. In typical experiments of the molecular 
alignment, the central wavelength of intense femtosecond laser pulses is 800 nm [7]. The 
oscillation period of this electric field is 2.7 fs, which is much shorter than the rotational 
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period of molecules. Hence, it is possible to use the cycle-averaged Hamiltonian given by 
! = !! − 14 ! ! ! !! + ∆! cos! ! . (2.15) 
By substituting Eqs. (2.13) and (2.15) into Eq. (2.12), we obtain d!! !d! = !4ℏ ! ! ! !!!! ! + ∆! !!,!!!!! ! !!!!!"# !! !!!"# !ℏ !!! , (2.16) 
where  !!,!! = ! cos! ! !! . (2.17) 
 
 
2.2.2  Selection rules  
 
Selection rules of the rotational Raman excitation are obtained by calculating the 
matrix elements, !!!!,!!. Appropriate basis functions should be adopted for calculating 
these matrix elements. For 1Σ+ molecules, such as OCS and N2O, a rotational wave 
function is expressed by spherical harmonics, !" . Therefore, the matrix elements of 
these molecules are expressed by  !!!!!!!,!!!!!! = !!!!!! cos! ! !!!! , (2.18) 
The matrix elements above have non-zero values only when ΔJ = J ’  J ”= 0, ±2 and 
ΔM = M ’ − M “ = 0. It should be noted that M is preserved when a linearly-polarized 
laser pulse is used.  
In contrast to OCS and N2O, a different basis function should be used for     
N2O+ (X  2Π) to calculate the matrix elements. In general, 2Π molecules are well 
described by Hund’s coupling case (a) for low-J states. The basis function is  
!, ! ,!, ! = 12!/! !,!,! + ! !,−!,! , (2.19) 
where !,!,! = !"; !"; !,!,!  and!! = ! −1 !!!/! [118]. Here, p represents the 
total parity, η denotes other quantum numbers required for characterizing the state (e.g., 
vibrational quantum number), and σ is the symmetry index. The values of σ = +1 and −1 
correspond to + and − total parities, respectively.  
As J increases, a coupling scheme of angular momenta in 2Π states is described by 
an intermediate representation between case (a) and (b) [119] because the effect of 
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spin-decoupling becomes considerable at high-J states. Therefore, the basis function is 
expressed as a linear combination of case (a) basis functions: !"#; F! = !! !, ! = 1/2,!, !! + !! !, ! = 3/2!,!, !  (2.20) !"#; F! = −!! !, ! = 1/2,!, !! + !! !, ! = 3/2!,!, !  (2.21) 
where 
!! = ! + !! − 22! , (2.22) 
!! = ! − !! − 22! , (2.23) 
and 
! = 4 ! + 12 + !! !! − 4 . 
 
(2.24) 
The values of |aJ|2 and |bJ|2 for N2O+ (X 2Π) are calculated using reported molecular 
constants [110, 113] and represented in Fig. 2.3.  
We can calculate the matrix elements, !!!!,!!, using these basis functions and 
obtain !!!!!!!′′; F! cos! ! !!!!!!; F!= !!!!!! !!!!!!!!!!! !!!,! = 1/2,!!! cos! ! !!,! = 1/2,!!+ !!!!!!!!!!! !!!,! = 3/2!,!!! cos! ! !!,! = 3/2,!! , 
(2.25) 
where 
!!!! = !!!!(F!!component)−!!!!(F!!component) (2.26) 
and 
!!!! = !!!!(F!!component)!!!!(F!!component) (2.27) 
Finally, selection rules are ΔJ = 0, ±1, ±2, ΔM = 0, and σ’ = σ” (± ↔ ±) because of the 
conditions that the matrix elements in Eq. (2.25) have non-zero values. Transitions 
between the F1 and F2 components are also allowed. However, probability of such 
transitions is considerably low because of the large energy difference between these 
components [120, 121].  
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2.2.3  Evaluation of molecular alignment  
 
The degree of molecular alignment can be evaluated by the expectation value of 
cos2θ, i.e., cos! !  = !(!) cos! ! !(!) . When molecules rotate randomly in gas 
phase, cos! !  is equal to 1/3. If molecules align perfectly along the Z axis in the 
space-fixed frame, cos! ! != 1. In the case that molecular axis distribution is completely 
localized at θ = 0, cos! !  equals 0.  
If initial rotational states are thermally populated, it is necessary to take a 
thermal-average as shown below: 
cos! ! = exp −!!"# !!!!!"# !!!"# cos! ! !! ,!!!!!!  
 
(2.28) 
where kB is the Boltzmann constant, Trot is the rotational temperature, Zrot is the rotational 
partition function, and ni stands for collective quantum numbers of the initial rotational 
eigenstate. It is necessary to prepare rotationally-cooled molecules to achieve the high 
degree of molecular alignment [90]. 
Figure 2.3: Coefficients of basis functions calculated using Eqs. (2.22) and (2.23).  
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2.2.4  Theoretical fundamentals on molecular orientation  
 
In order to prepare oriented molecules, inversion symmetry should be broken by 
mixing different parities [122]. The total parity of 1Σ+ molecules alternates with J as 
shown in Fig. 2.1. Therefore, the polarizability interaction does not induce transitions that 
can connect the different parities because of the selection rules (|ΔJ| = 0, 2).  
The transitions that can connect the different parities are induced via a 
hyperpolarizability interaction when nonresonant two-color laser pulses, which consist of 
the fundamental wave with a frequency of ω and its second harmonic, interact with linear 
molecules [123]. The electric field of the two-color laser pulse polarized along the Z axis 
is expressed by ! ! = !! ! + !!! !  = εω (!) cosωt +ε2ω (!) cos 2ωt +!rel .! (2.29) 
where εω(t) and ε2ω(t) are the envelope functions of the laser pulses and ϕrel is the relative 
phase between the fundamental wave and its second harmonic. As shown in Fig. 2.4, the 
electric field has asymmetric amplitudes when ϕrel = kπ, where k is integer. In contrast, 
such asymmetry vanishes when ϕrel = (k+1/2) π.  
Hamiltonian including the field-free Hamiltonian and interaction between the 
phase-locked two-color laser pulse and linear molecule is written as 
H = H0 + Vd(E(t), θ) + Vp(E(t), θ) + Vh(E(t), θ), (2.30) 
where Vd(E(t), θ) is the dipole interaction term and Vh(E(t), θ) is the hyperpolarizability 
interaction term [123]. The interaction terms, Vd(E(t), θ) and Vh(E(t), θ), are given by  
Vd(E(t), θ) = −µE(t)cosθ (2.31) 
and 
Vh E t , θ = − 16E(t)3 βzzz !− 3βzxx cos3 θ +3βzxx cos θ , (2.32) 
respectively. By taking a cycle average, we obtain !d = 0 (2.33) 
and 
!h t, θ = − 18 βzzz !− 3βzxx cos3 θ +3βzxx cos θ× cos!rel !! ! ! !!!(!)  
 
(2.34) 
for the dipole and hyperpolarizability interaction terms, respectively. Different selection 
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rules (ΔJ = ±1, ±3) are allowed because of cosθ and cos3θ terms in the hyperpolarizability 
interaction potential. Transitions associated with these selection rules can connect 
rotational states with different parities.  
Figure 2.4: Electric fields of phase-locked two-color laser pulses. These electric 
fields are calculated using Eq. (2.29). The wavelength of the fundamental wave is 
800 nm. The maximum amplitudes of the fundamental wave and its second 
harmonic are assumed to be the same, i.e., εω(t = 0) = ε2ω(t = 0) = 1. (a) ϕrel = 0. 
(b) ϕrel = π/2. (c) ϕrel = π. 
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2.2.5  Evaluation of molecular orientation  
 
The degree of molecular orientation is often evaluated by the expectation value of 
cosθ, i.e., cos !  = !(!) cos ! !(!) . When the number of molecules pointing 
upward is equal to that of molecules pointing downward, cos !  has the value of 0. If 
molecular orientation is achieved, cos !  has non-zero values. The sign of cos !  
depends on the orientation of molecules.  
If initial rotational states are thermally populated, a thermally-averaged expectation 
value expressed by the following equation should be used. 
cos ! = exp −!!"# !!!!!"# !!!"# cos ! !! !!!!!!!  
 
(2.35) 
Rotational temperature should be lowered to achieve the high degree of the molecular 
orientation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 3   
 
Multiple Ionization of Axis-Controlled OCS 
Molecules by Intense Femtosecond Laser Pulses 
 
 
 
 
This chapter is not available because the author intends to publish the data 
presented in this chapter within 5 years.  
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Chapter 4 
 
Enhancement and Control of Molecular 
Orientation of OCS by the 
Alignment-Assisted Method 
 
 
4.1  Introduction  
 
Considering recent technological advances in generation of attosecond laser pulses 
[9-11], it is expected that electronic motion in molecular frame will be investigated in 
detail in near future. One of the most conventional methods of triggering the electronic 
motion is tunneling ionization [13, 160-162]. An electronic wave packet, which is a 
superposition of several electronic states, is created in ionic states through this ionization 
process and evolves with time. From a different point of view, a hole created through the 
ionization migrates in a molecule [163]. In order to understand this charge migration 
process in molecular frame, it is necessary to reveal how the tunneling ionization 
probability depends on the angle between the molecular axis and the laser field because 
such information is useful to determine the initial position of the hole.  
A technique of field-free molecular alignment by nonresonant intense femtosecond 
laser pulses [90, 91] is one of the most powerful methods for investigating the tunneling 
ionization process. In fact, it has been found that the tunneling ionization probability of 
symmetric linear molecules strongly depends on the angle between the polarization 
direction of the laser pulse and the molecular axis with the aid of this technique [93]. It 
should be noted that the molecular alignment is sufficient for linear molecules that 
contain an inversion center. Distinguishing the head and tail of a polar molecule, i.e., 
control of molecular orientation, is also required for investigating the tunneling ionization 
in molecular frame. 
Unfortunately, the control of molecular orientation is still a challenging task 
compared to the molecular alignment. In the past decade, various optical techniques for 
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achieving molecular orientation have been developed [164-171]. Phase-locked two-color 
intense femtosecond laser pulses, which consist of a fundamental wave and its second 
harmonic, are frequently used to orient molecules [164, 166, 167, 169]. Two mechanisms 
of the molecular orientation induced by the two-color intense laser pulses have been 
investigated theoretically [172] and experimentally [169]. The first mechanism is based 
on a hyperpolarizability (HP) interaction [123], which is responsible for the molecular 
orientation when the intensity of the two-color laser pulses is not high enough to induce 
tunneling ionization of molecules. The molecular orientation is achieved via the 
hyperpolarizability interaction because this interaction allows parity-breaking rotational 
transitions (see Chapter 2). On the other hand, when the effect of the tunneling ionization 
by the two-color intense laser pulses cannot be neglected, an ionization depletion (ID) 
mechanism, where molecules that point in the specific direction are selectively ionized, is 
dominant. The higher degree of the molecular orientation can be achieved by the 
ionization depletion than by the hyperpolarizability interaction [169, 172]. However, the 
hyperpolarizability interaction is more preferable than the ionization depletion in terms of 
application to various experiments because the number of density is decreased when the 
tunneling ionization occurs. Although the technique of the molecular orientation based on 
the hyperpolarizability interaction has already been applied to a few studies [161, 173], 
the achieved degree of the molecular orientation is low [164, 174].  
In order to increase the degree of the molecular orientation, an alignment-assisted 
method, in which the two-color laser pulses interact with molecules aligned by an intense 
laser pulse in advance, has been proposed theoretically [175-177] and demonstrated 
experimentally [174, 178, 179]. Compared to the conventional experiment on the 
molecular orientation, in which only the two-color laser pulses are used, the degree of 
molecular orientation for CO molecules increases by a factor of 2.9 using the 
alignment-assisted method [174].   
One of the most powerful advantages of the alignment-assisted method is that this 
method has some adjustable laser parameters for controlling molecular orientation 
because two pump pulses are used. The inversion of molecular orientation has been 
demonstrated for CO molecules by adjusting a relative phase between the fundamental 
wave and its second harmonic of the two-color laser pulses [174]. In addition to the 
relative phase, it is expected that the delay between the two pump pulses also affects 
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orientation dynamics. However, it has not been investigated experimentally how a change 
of the delay can be used as a control parameter. Revealing the dependence of the 
orientation dynamics on the temporal delay is desired for broadening the possibility of 
controlling molecular orientation. 
In this study [180], the enhancement and control of molecular orientation of OCS 
by the alignment-assisted method is investigated. Conditions for achieving the high 
degree of molecular orientation are theoretically explored by changing the relative phase 
of the two-color laser pulses and the delay between the two pump pulses systematically. 
On the basis of the theoretical predictions, signals of the molecular orientation are 
measured. In addition to the relative phase of the two-color intense laser pulses, the delay 
between the two pump pulses is experimentally adjusted to control molecular orientation.  
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4.2  Experiment 
 
An experimental setup for controlling molecular orientation based on the 
alignment-assisted method is shown in Fig. 4.1. A linearly polarized femtosecond laser 
pulse, which has a temporal duration of 100 fs, a central wavelength of 800 nm, and a 
pulse energy of 8 mJ, is generated from a Ti:sapphire chirped-pulse amplification laser 
system with a repetition rate of 10 Hz. The first half mirror (HM1) divided the output 
pulse into a pair of equivalent laser pulses. One of them passed through HM1 and the 
second half mirror (HM2) and was used as a probe pulse, which induces Coulomb 
explosion. The laser pulse reflected by HM1 was sent to a beam splitter (BS), at which 
30 % of the energy of an incident laser pulse is reflected and the rest of the laser pulse is 
transmitted. The laser pulse reflected by BS was spatially overlapped with the probe 
pulse using HM2 and adopted as an alignment pulse. The energy of the alignment pulse 
was adjusted by changing the diameter of an iris placed in front of HM2. The laser pulse 
that had passed through BS was sent to a beta barium borate (β-BBO) crystal with a 
thickness of 200 µm in order to generate the second harmonic. Delay between a 
fundamental wave (ω) and second harmonic (2ω) caused by the 
group-velocity-dispersion of the β-BBO crystal and other optical materials was 
compensated by three calcite plates. One of these calcite plates was mounted on a fine 
rotation stage to control the relative phase between the fundamental wave and second 
harmonic. The polarization directions of the fundamental wave and second harmonic 
were set to be parallel using a wave plate, which works as a half and full wave plate at 
frequencies of ω and 2ω, respectively. The phase-locked two-color laser pulses, called an 
orientation pulse, passed through an iris with a diameter of 3.5 mm to avoid tunneling 
ionization. The temporal delay between the alignment pulse and orientation pulse, τ1, was 
fixed to be 20.6 ps and 61.7 ps, which correspond to a quarter and three quarters of a 
rotational period of OCS, respectively. The delay τ1 has positive values when molecules 
are irradiated by the alignment pulse prior to the orientation pulse. The temporal delay 
between the orientation pulse and probe pulse, τ2, was controlled by moving mirrors 
mounted on a motorized linear translation stage (Sigma Koki, KST-(GS)-50X) with a 
step of 8.0 µm. 
Rotationally-cooled molecules were prepared by taking advantage of supersonic 
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expansion. OCS gas (0.8%) diluted in He gas with a stagnation pressure of 40 atm was 
expanded into a vacuum chamber equipped with a Wiley-McLaren time-of-flight (TOF) 
mass spectrometer [144] through a pulsed valve with a repetition rate of 10 Hz. A 
supersonic molecular beam is prepared after an ejected supersonic flow passes through a 
skimmer.  
The alignment pulse, orientation pulse, and probe pulse were focused onto the 
supersonic molecular beam by an aluminum-coated concave mirror with a focal length of 
200 mm. The axes of laser propagations, the supersonic molecular beam, and a flight axis 
were mutually perpendicular. Focal intensities of the alignment pulse, orientation pulse, 
and probe pulse at the interaction region were estimated from the measured beam sizes, 
pulse energies, pulse duration, and calculation to be IA = 1×1013 W/cm2,             
IO(ω) = IO(2ω) = 2×1013 W/cm2, and Iprobe = 6×1014 W/cm2, respectively. The polarization 
directions of all laser pulses were set to be parallel to the Z axis in the space-fixed frame, 
which lies along a static electric field applied in the interaction region and points to a 
michrochannel-plate detector. Ions produced by the probe pulses were accelerated by the 
static electric field in the interaction region and detected by the microchannel-plate 
detector. Mass spectra were obtained by recording ion signals as a function of a flight 
time. Ion yields were obtained by integrating peaks in mass spectra. 
 
 
 
 
 
 
 
 45 
 
      
 
 
 
 
 
 
 
 
 
S
C
O
θ
Z
τ1 t
τ2
Alignment 
pulse
(ω)
Orientation 
pulse
(ω+2ω)
Ionization 
pulse
0−τ1 τ2
0 τ1+τ2τ1
τ 
(ω)
MCP
800&nm,&100&fs,&8.0&mJ
&
BS
HM2
concave&
mirror
Wiley=McLaren&
type&TOF=MS
calcite&plates
HM1
supersonic&jet
BBO
probe&pulse
alignment&pulse
orientaHon&pulse
translaHon&
stage
rotaHon&stage
Z
Figure!4.1:!Experimental!setup!and!scheme. 
 46 
4.3  Results and Discussion 
 
An observed mass spectrum shows that many ions, such as S+, CO+, S2+, O+, C+, 
S3+, O2+, OCS+ and OCS2+, are produced by the probe pulse. Doublet peaks are clearly 
identified for most of the observed fragment ions because of high mass resolution of the 
TOF mass spectrometer (m/Δm = 460). The orientation of OCS against the detector just 
before the fragmentation can be determined from these doublet peaks because they are 
originated from fragment ions ejected in the positive and negative directions of the Z axis 
[144]. As in refs. [170, 181], the doublet peaks of S3+ are selected to evaluate the degree 
of molecular orientation because they are isolated well from other signals of ions in the 
mass spectrum. 
The relative phase ϕrel between the fundamental wave and the second harmonic 
forming the orientation pulse is determined by taking advantage of an 
orientation-selective ionization [152]. The asymmetric electric field of the two-color laser 
pulses is changed by adjusting ϕrel as shown in Fig. 2.4. The positive amplitude of the 
electric field is larger than the negative one when fixing ϕrel at 2kπ, where k is integer 
(see Fig. 2.4 (a)). In this case, OCS molecules are preferentially ionized when S atom of 
OCS points to the negative direction of the two-color laser field [152]. On the other hand, 
when ϕrel is tuned at (2k+1) π (see Fig. 2.4 (c)), OCS molecules whose S atom points to 
the positive direction of the two-color laser field are selectively ionized [152]. When ϕrel 
is fixed at (k+1/2) π, the orientation-selective ionization does not occur because the 
positive and negative amplitudes of the two-color laser field have the same value (see Fig. 
2.4 (b)). Therefore, the orientation-selective ionization of OCS can be investigated by 
measuring the dependence of the ratio R = Yf / Yb on ϕrel, where Yf and Yb are the yields of 
S3+ ions ejected in the positive and negative direction of the Z axis, respectively. Figure 
4.2 shows the observed dependence of R on the tilt angle of the calcite plate. Only the 
orientation pulse is used during the experiment on the phase calibration. Other laser 
pulses are blocked by removable beam dumpers. The iris placed on the optical path of the 
orientation pulse is removed to induce dissociative ionization. It is found that the ratio R 
oscillates periodically as a function of the tilt angle. The horizontal axis in Fig. 4.2 can be 
calibrated because R has minimum at ϕrel = 2kπ. The relative phase ϕrel is set to be zero 
in the following experiment, except in an experiment for investigating the dependence of 
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the molecular orientation on ϕrel. 
In order to track the orientation dynamics of molecules induced by the orientation 
pulse, the orientation parameter defined by ηO = (Yf – Yb) / (Yf + Yb) is measured as a 
function of τ2. When molecules are not oriented, ηO is equal to 0 because Yf has the same 
value as Yb. In contrast, ηO has non-zero value when molecules are oriented. The sign of 
ηO reflects the orientation of molecules. The dependence of the measured ηO on τ2 is 
shown by a black curve in Fig. 4.3 (a). In this experiment, the intensity of the orientation 
pulse is reduced with the iris in order to avoid tunneling ionization only by this pulse. No 
distinct peaks are observed in Fig. 4.3 (a), which fact suggests that molecular orientation 
is not effectively induced by both the orientation pulse and static electric field applied for 
extracting ions in the TOF mass spectrometer.  
Time-dependent Schrödinger equation (TDSE) is numerically solved to find 
optimal conditions for achieving the high degree of molecular orientation using the 
alignment pulse and orientation pulse. Under the assumption that an envelope function of 
laser pulses has a Gaussian shape with a duration of 100 fs, electric fields of the pump 
pulses are expressed by  
Figure 4.2: The dependence of the yield ratio R on the relative phase, ϕrel.  
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E(t) = EA(t) + EO(t), (4.1) 
EA t  = ez!εA !+τ1 cos ω t +τ1 ,! (4.2) 
and 
EO t  = ez εO(ω) ! cosωt +εO(2ω) ! cos 2ωt +!rel ,! (4.3) 
where εA(t), εO(ω)(t), and εO(2ω)(t) are the envelope functions of the laser pulses, and ez is 
a unit vector along the Z axis in the space-fixed frame. Intensities of the pump pulses are 
the same as the experimental conditions. Under a rigid-rotor approximation, Hamiltonian 
is given by Eq. (2.30). The contribution of the ID mechanism is neglected because the 
intensity of the orientation pulse at the focal region is not high enough to induce 
tunneling ionization under our experimental conditions. The polarizabilities and 
hyperpolarizabilities of OCS are reported to be α∥ = 54.06 a.u., α⊥ = 26.09 a.u.,      
β∥= −46.3 a.u. and β!= −60.4 a.u. [151]. TDSE is solved in order to obtain a rotational 
wave packet expressed by Eq. (2.13). The thermally-averaged expectation value of 
cosθ,! cos θ (!), is calculated using the obtained rotational wave packet and Eq. (2.35). 
Rotational temperature is fixed at 25 K because calculated results at this temperature give 
the best agreement with experimental results. Rotational temperature and laser intensities 
are fixed during the calculation. The time when the envelope of the orientation pulse 
reaches the maximum is chosen as a time origin. Hence, t corresponds to τ2.  
Maximum values of | cos θ (!)| are plotted at different τ1 and ϕrel in Fig. 4.4. The 
horizontal axis of this two-dimensional map is shown in units of τrot, where τrot is the 
rotational period of OCS given by τrot = h/2B = 82.2 ps (see Chapter 3). The delay τ1 and 
relative phase ϕrel are changed with a step of 0.2 τrot and 0.1 π, respectively. The 
calculated two-dimensional map in Fig. 4.4 clearly shows that the maximum degree of 
the molecular orientation is achieved at (τ1, ϕrel) = (1/4 τrot, 0), (1/4 τrot, 0), (3/4 τrot, π), 
and (1/4 τrot, π).   
Based on the calculated results, the dependence of ηO on τ2 is measured with τ1 and 
ϕrel fixed at 3/4 τrot and 0, respectively. The measured ηO shown by a black curve in Fig. 
4.3 (b) has a transient signal having a large amplitude originated from the molecular 
orientation at τ2 = 41.1 ps, which corresponds to a half of the rotational period. This result 
shows that the degree of the molecular orientation can be increased by shining the 
orientation pulse on molecules aligned by the alignment pulse.  
According to the two-dimensional map in Fig. 4.4, the high degree of molecular 
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orientation can be achieved even when changing ϕrel from 0 to π with τ1 fixed at 3/4 τrot. 
In order to verify it experimentally, the dependence of ηO on τ2 is measured with ϕrel 
tuned at π and shown by a thin red curve in Fig. 4.5. The signal ηO obtained under the 
condition of ϕrel = 0 is also shown by a thin blue curve as a reference. Comparing the thin 
Figure 4.3: The dependence of the orientation parameter on the delay τ2 (ϕrel = 
0). The measured ηO and calculated 〈〈cos θ〉〉 are shown by black and red 
curves, respectively. (a) Only the two-color laser pulses are used as the pump 
pulse. (b) The alignment-assisted method (τ1 = 3/4 τrot). (c) The 
alignment-assisted method (τ1 = 1/4 τrot).  
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blue curve (ϕrel = 0) with the thin red one (ϕrel = π) shows that ηO is inverted by changing 
ϕrel from 0 to π even though the absolute values of amplitude are almost the same. The 
inversion of the measured signals is originated from a change of the molecular orientation. 
This experimental result verifies that the high degree of the molecular orientation can be 
achieved at ϕrel = 0 and π once τ1 is fixed at the best delay.  
The two-dimensional map in Fig. 4.4 shows that the high degree of the molecular 
orientation is achieved not only at 3/4 τrot, but also at 1/4 τrot. However, it has not been 
investigated experimentally how changing τ1 from 3/4 τrot to 1/4 τrot affects the dynamics 
of the molecular orientation. The measured ηO under the condition of               
(τ1, ϕrel) = (1/4 τrot, 0) is shown by a black curve in Fig. 4.3 (c). A clear oscillatory signal 
with a large amplitude is observed at τ2 = 41.1 ps, which is a half of the rotational period 
of OCS. This result shows that molecules can be strongly oriented by shining the 
alignment pulse prior to the orientation pulse on molecules with an appropriate delay. 
Interestingly, the observed signal is inverted by changing τ1 from 3/4 τrot to 1/4 τrot. It 
should be noted that the inversion of the head-to-tail order is not due to changing ϕrel by 
π as shown in Fig. 4.5, but due to adjusting the delay between the alignment pulse and 
orientation pulse. 
Since the calculated cos θ t  and measured ηO for S3+ behave in the same way 
[170, 181], it is possible to compare the experimental results with simulated ones. A red 
curve in Fig. 4.3 (a) is cos θ t  calculated under the condition that molecules interact 
Figure 4.4: The maximum values of the calculated |〈〈cos θ〉〉|. These values 
are calculated at various sets of the relative phase ϕrel and delay τ1. 
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only with the orientation pulse. Although small oscillation can be seen around t = 82.2 ps, 
the maximum degree of the molecular orientation is only cos θ t = 81.5!ps  = 
1.5×10-2. The sensitivity of our experimental apparatus to the orientation parameter is not 
high enough to evaluate this low degree of the molecular orientation as shown by a black 
curve in Fig. 4.3 (a). Red curves in Figs. 4.3 (b) and (c) show the calculated values of 
cos θ t  on the basis of the alignment-assisted method. As can be seen from the 
figures, the calculated results agree well with the observed signals. In addition to the 
observed dependence of ηO on τ1, the dependence of ηO on ϕrel is also reproduced by the 
calculations as shown in Fig. 4.5. The good agreement between the calculated results and 
the observed signals indicates that the observed molecular orientation is not induced by 
the ionization depletion, but by the hyperpolarizability interaction.  
The low degree of the molecular orientation achieved only by the orientation pulse 
is due to the thermal averaging over the initial rotational-state distribution as discussed in 
Figure 4.5: The dependences of the measured ηO and calculated 〈〈cos θ〉〉 on the relative phase ϕrel with τ1 fixed at 3/4 τrot. Thin blue 
curve: experiment (ϕrel = 0). Thin red curve: experiment (ϕrel = π). 
Thick blue curve: calculation (ϕrel = 0). Thick red curve: calculation 
(ϕrel= π).  
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a previous study [175]. In order to check the contribution of the thermal averaging, the 
expectation values, 
cos θ even t  = !neven ψ t cos θ ψ t neven (4.4) 
and 
cos θ odd t  = !nodd ψ t cos θ ψ t nodd , (4.5) 
are calculated numerically, where ψ t neven  and ψ t nodd  are the rotational wave 
packets created from initial rotational states with even and odd J, respectively. The 
thermally-averaged expectation values, cos θ even t  and cos θ odd t , are shown 
by a blue and red curve in Fig. 4.6 (a), respectively. Clear peaks appear around a half of 
the rotational period for both cos θ even t  and cos θ odd t . However, 
cos θ even t  and cos θ odd t  are in antiphase relation. As a result, they cancel each 
other out.  
It should be noted that orientation signals for CO molecules have been observed in 
a previous study [174] even though only two-color laser pulses, whose intensity is not 
high enough to ionize molecules, are used. Under the experimental condition in ref. [174], 
rotational temperature is low enough to make the ratio of populations of rotational states 
with odd J and even J, !!!""/!!!"!#, deviate from unity. As a result, cos θ even t  and 
cos θ odd t  do not have the same absolute values at a half of the rotational period. For 
CO molecules, !!!""/!!!"!# is not equal to 1 when the rotational temperature is lower 
than 5 K [174]. Since OCS molecules are heavier than CO molecules, lower rotational 
temperature is required to achieve !!!""/!!!"!#  < 1. Figure 4.7 (a) shows the ratio !!!""/!!!"!#  calculated as a function of the rotational temperature Trot. The ratio !!!""/!!!"!# is unity if the rotational temperature is higher than 0.8 K. The dependence 
of cos θ t  on the rotational temperature is represented in Fig. 4.7 (b). Although the 
high degree of molecular orientation is achieved around t = 41.1 ps when only the lowest 
rotational state is populated (Trot = 0.0 K), the maximum value of | cos θ t | decreases 
rapidly as the rotational temperature increases. This is because !!!""/!!!"!# becomes 
large and is close to unity when Trot > 0.5 K, which results in the cancelation of 
cos θ even t  and cos θ odd t  as shown in Fig. 4.6 (a).  
The alignment-assisted method has been proposed to reduce the effect of the 
cancellation between cos θ even t  and cos θ odd t  [175]. This scheme takes 
advantage of the nonadiabatic molecular alignment prior to the molecular orientation. For 
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the sake of simplicity, the time τ, which is defined by τ = t + τ1, is used to describe the 
time evolution of the rotational wave packet created by the alignment pulse (see Fig. 4.1). 
The origin of the time, i.e., τ = 0, is the time when the envelope function of the alignment 
pulse reaches a maximum. Interaction between the alignment pulse and OCS molecules 
creates a rotational wave packet via a series of coherent rotational Raman excitations. The 
created rotational wave packet can be divided into ψ ! nodd  and ψ ! neven  that 
Figure 4.6: The calculated 〈〈cos θ〉〉 , 〈〈cos θ〉〉!"!# , and 〈〈cos θ〉〉!"" . The 
relative phase ϕrel is fixed at 0. (a) Only the two-color laser pulses are used as 
the pump pulse. (b) The alignment-assisted method (τ1 = 3/4 τrot). (c) The 
alignment-assisted method (τ1 = 1/4 τrot).  
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consist of rotational eigenstates with − and + total parities, respectively. Since the 
hyperpolarizability interaction depends on θ (see Eq. (2.32)), it is reasonable to discuss 
the rotational excitation by the orientation pulse based on molecular axis distribution. 
Here, the molecular axis distributions that are associated with the rotational wave packets 
ψ ! nodd  and ψ ! neven  are denoted by fodd(θ, τ) and feven(θ, τ), respectively. Both   
fodd(θ, τ) and feven(θ, τ) localize along the Z axis at τ = 1/2 τrot and τrot, which correspond to 
a half and full revival, respectively. As a result, both of the rotational wave packets 
interact with the orientation pulse in the same manner at these times. Therefore, if τ1 is set 
to be 1/2 τrot or τrot, cos θ even t  and cos θ odd t  cancel each other out at        
t = 1/2 τrot, which results in low cos θ t . In fact, the two-dimensional map in Fig. 4.4 
does not show that the high degree of the molecular orientation is achieved at τ1 = 1/2 τrot 
and τrot.  
In contrast to the alignment dynamics at τ = 1/2 τrot and τrot, a different behavior can 
be seen at τ = 3/4 τrot. At this time, feven(θ, τ) localizes along the Z axis while fodd(θ, τ) is 
restricted mainly on the X-Y plane. Considering the angular dependence of the 
hyperpolarizability interaction, only the rotational wave packet ψ ! neven can interact 
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Figure 4.7: The dependence of the population and 〈〈cos θ〉〉 on the rotational 
temperature, Trot. (a) The ratio of rotational-state population, !!!""/!!!"!#. (b) The 
calculated 〈〈cos θ〉〉 (ϕrel = 0). 
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with the orientation pulse effectively at this time. As a result, molecular orientation is 
achieved at t = 1/2 τrot because cos θ even t  surpasses cos θ odd t . The calculated 
cos θ even t , cos θ odd t , and cos θ t  are shown in Fig. 4.6 (b). Here, τ1 is 
fixed at 3/4 τrot. Since the cancelation between cos θ even t  and cos θ odd t  is 
insufficient, cos θ t  has a large amplitude. The oscillation pattern of cos θ t  is 
similar to that of cos θ even t . It indicates that the contribution of ψ t neven to the 
orientation dynamics is larger than that of ψ t nodd. 
At τ = 1/4 τrot, fodd(θ, τ) is almost restricted around the Z axis. On the other hand, 
feven(θ, τ) is almost localized at θ = 90°. Therefore, the interaction between the orientation 
pulse and the molecules at this time results in the enhancement of cos θ odd t . In 
other words, the contribution of cos θ odd t  to the orientation dynamics is increased 
if τ1 is fixed at 1/4 τrot. Figure 4.6 (c) shows the calculated results of cos θ even t , 
cos θ odd t , and cos θ t . The effect of the cancelation between cos θ even t  
and cos θ odd t  is reduced because the contribution of cos θ odd t  is larger than 
cos θ even t . As a result, the molecular orientation is achieved.   
In addition to the analysis of the orientation dynamics, it is also important to 
evaluate the enhancement of the molecular orientation quantitatively. When the 
alignment-assisted method is used, the maximum values of cos θ t  with τ1 fixed at 
1/4 τrot and 3/4 τrot are 0.18 and 0.19, respectively. These maximum values are about 12 
times larger than the maximum cos θ t  achieved under the condition that the 
alignment pulse is absent. Although the value of cos θ t  is frequently used for the 
evaluation of the molecular orientation, it is difficult to understand intuitively how many 
molecules point in the positive direction of the Z axis based on this parameter. Thus, the 
normalized molecular axis distribution f (θ) is calculated at the time when the 
cos θ t  has a maximum value. A probability of finding molecular axes in the range 
from θL to θU is determined by 
P(θL,θU) = 2π f(θ) sin θ dθ
!!θU
θL
 (4.6) 
Since f (θ) is normalized, P(0, π) = 1 is always satisfied. The probability of finding OCS 
molecules whose S atoms point in the positive direction of the Z axis is P(0, 1/6π) = 0.15 
at τ2 = 41.7 ps when the τ1 is tuned at 3/4 τrot. This value is 3.9 times larger than the 
probability of finding molecules pointing in the negative direction, P(5/6π, π) = 0.038. 
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Such asymmetric distribution is visualized in Fig. 4.8 (a). In contrast to Fig. 4.8 (a), it is 
clearly seen that the molecular orientation is inverted when the τ1 is tuned at 1/4 τrot as 
shown in Fig. 4.8 (b). Since P(0, 1/6π) and P(5/6π, π) are equal to 0.049 and 0.16, 
respectively, the number of OCS molecules pointing in the negative direction is 3.3 times 
larger than that of molecules pointing in the opposite direction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                (a)                                  (b) 
Figure 4.8: The calculated molecular axis distribution (ϕrel = 0). (a) τ1 = 3/4 τrot, τ2 
= 41.7 ps. (b) τ1 = 1/4 τrot, τ2 = 41.7 ps.  
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4.4  Conclusion 
 
In this study [180], the enhancement and control of the field-free molecular 
orientation of OCS molecules is investigated. The signals of the molecular orientation are 
not observed when only the orientation pulse is used. The TDSE calculation is 
systematically carried out at various sets of the relative phase ϕrel and delay τ1 in order to 
achieve the high degree of the molecular orientation. It is theoretically shown that 
molecules are strongly oriented by adjusting ϕrel and τ1 appropriately. On the basis of the 
theoretical predictions, signals of the molecular orientation are observed using the 
alignment-assisted method. The molecular orientation is achieved via the 
hyperpolarizability interaction because the measured orientation parameter ηO agrees well 
with the calculated cos θ t . The experimentally-achieved value of the highest 
cos θ t  is determined by comparing the measured orientation parameter ηO with the 
calculated cos θ t . The absolute value of cos θ t  is about 12 times larger than 
that of cos θ t  achieved only by the two-color intense laser pulses. The molecular 
orientation of OCS is inverted by changing ϕ rel from 0 to π. In addition, it is 
experimentally shown for the first time that the molecular orientation is inverted by 
changing τ1 from 1/4 τrot to 3/4 τrot. The results presented here broaden the possibility of 
controlling the molecular orientation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 5   
 
Spectroscopic Studies on Strong-Field Ionization 
of N2O Molecules 
 
 
 
 
This chapter is not available because the author intends to publish the data 
presented in this chapter within 5 years.  
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Chapter 6   
 
Conclusion  
 
 
The main goal of this thesis is to reveal the ionization of molecules by intense 
femtosecond laser pulses. In order to achieve this goal, three experiments are conducted.  
In the first work of this thesis, double- and triple-ionization processes of 
axis-controlled OCS molecules induced by the intense femtosecond laser pulses are 
investigated using a pump-probe method, in which the pump pulse creates a rotational 
wave packet and the probe pulse induces multiple ionization. The ions generated by the 
probe pulses are detected by a time-of-flight mass spectrometer. The yields of the 
observed OCS2+ and OCS3+ measured as a function of the delay between the pump and 
probe pulses, τ, oscillate periodically. In the measured dependence of the OCS2+ yield on 
τ, strong transient signals are clearly observed at τ = 41.1 ps and 82.2 ps. The observed 
strong oscillatory signals are attributed to the time evolution of the created rotational 
wave packet because these signals appear at fractions of the rotational period of OCS in 
the electronic and vibrational ground state (τrot = 82.2 ps). In addition to the strong 
transient signals, weak transient signals are also observed at τ = 1/6 τrot, 1/4 τrot, 1/3 τrot, 
2/3 τrot, 3/4 τrot, and 5/6 τrot. These weak transient signals are assigned to high-order 
fractional revival structures. In addition to the revival structures observed in the signals of 
OCS2+, the dependence of the OCS3+ yield on τ shows higher-order fractional revival 
structures at τ = 1/8 τrot, 3/8 τrot, 5/8 τrot, and 7/8 τrot.  
The time-dependent Schrödinger equation (TDSE) is numerically solved to 
reproduce the observed dependence of the OCS2+ and OCS3+ yields on τ. The dynamics of 
the created rotational wave packet and the dependences of the double- and 
triple-ionization probabilities on the angle between the polarization direction of the probe 
pulse and the molecular axis of OCS, θ, are taken into account in the calculations. The 
angular dependences of the double- and triple-ionization probabilities, which are denoted 
by W2(θ) and W3(θ), respectively, are expanded by the Wigner D matrix elements with 
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unknown expansion coefficients. These expansion coefficients are determined by 
comparing the observed revival structures with the calculated results. The determined 
W2(θ) and W3(θ) show that OCS2+ and OCS3+ are preferably produced when the 
polarization direction of the probe pulse and molecular axis of OCS are set to be mutually 
perpendicular. The similar tendency has been already found in the single-ionization 
process of OCS. The angular dependence of the single-ionization probability, W1(θ), that 
has a large maximum at θ = 90°, was well explained using the tunneling ionization theory 
including the spatial information of the HOMO and effects of Stark shift and 
barrier-suppression ionization. The large maxima of W1(θ), W2(θ), and W3(θ) at θ = 90° 
are attributed to the fact that OCS+, OCS2+, and OCS3+ are produced by removing 
electrons from the HOMO of OCS (3π orbital), which is occupied by four electrons. The 
ejection of electrons from the HOMO in the double- and triple-ionization processes is 
consistent with that the determined W3(θ) is sharper and more complex than W2(θ). 
The determined W2(θ) and W3(θ) include higher-order Wigner D matrix elements. 
It is found that the high-order fractional revival structures observed in the signals of 
OCS2+ and OCS3+ yields are originated from these high-order D matrix elements. The 
contribution of the high-order D matrix elements is an important factor of a sensitive 
method for probing the molecular axis distribution. 
The second work of this thesis is about the enhancement and control of molecular 
orientation of OCS molecules, which is a desired technique for investigating ionization of 
polar molecules. First, a well-known method of orienting molecules, in which polar 
molecules are irradiated with phase-locked two-color intense laser pulses consisting of 
the fundamental wave with a central frequency of ω and its second harmonic, is adopted. 
Under our experimental conditions, signals of molecular orientation are not observed 
within experimental uncertainty. The TDSE calculation shows that the degree of the 
molecular orientation is only cos ! !  = 0.015, where the double brackets denote 
the thermally-averaged expectation value and θ is the angle between the polarization 
direction of the two-color laser pulses and the molecular axis of OCS. In order to achieve 
the high degree of the molecular orientation, an intense femtosecond laser pulse with a 
central frequency of ω and the two-color intense laser pulses are used as pump pulses. 
The TDSE calculation is systematically carried out at various sets of the relative phase of 
the two-color laser pulses, !rel, and the delay between the two pump pulses, τ1. It is 
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theoretically found that strongly-oriented molecules can be prepared by adjusting !rel 
and τ1 appropriately. On the basis of the theoretical predictions, the signals of the 
molecular orientation are experimentally observed under the conditions of (!rel, τ1) = (0, 
1/4τrot), (0, 3/4τrot), and (π, 3/4τrot). It is possible to determine the experimentally-achieved 
value of the highest | cos ! | because the observed signals agree well with the 
calculated cos ! . The absolute value of cos !  is about 12 times larger than that 
of cos !  achieved only by the two-color intense laser pulses. The molecular 
orientation of OCS is inverted by changing ! rel from 0 to π. In addition, it is 
experimentally shown for the first time that the delay between the two pump pulses can 
be used as a parameter for controlling the molecular orientation. The orientation of 
molecules is inverted by changing τ1 from 3/4 τrot to 1/4 τrot.  
In the last part of this thesis, ionization of N2O molecules induced by intense 
femtosecond laser pulses is investigated using a spectroscopic technique. In order to 
reveal the vibrational- and rotational-state distributions of N2O+ in the electronic ground 
state produced by the intense femtosecond laser pulses, the A 2Σ+ - X 2Π excitation 
spectra are recorded by measuring the yield of NO+ generated via the predissociaion 
process in the A 2Σ+ state as a function of excitation wavenumber of nanosecond laser 
pulses. It is concluded that the vibrational ground state of N2O+ (X 2Π) is predominantly 
populated by the strong-field ionization of N2O because only transitions from the 
vibrational ground state of this molecular ion are observed. The determined 
vibrational-state distribution of N2O+ (X 2Π) is almost the same as the distribution 
predicted from Franck-Condon factors (FCFs) for the transitions between the vibrational 
ground state of N2O (X 1Σ+) and various vibrational states of the molecular ions in the 
electronic ground state. The similarity between the observed vibrational-state distribution 
and the FCFs indicates that structural deformation is not induced by the intense 
femtosecond laser pulses. In addition, it is suggested that the dependence of the tunneling 
ionization rate on the structures of N2O and N2O+ is negligible. 
In order to investigate the rotational-state distribution of N2O+ in the electronic and 
vibrational ground state, X 2Π3/2 (000), rotationally-resolved excitation spectra of the A 
2Σ+ (200) - X 2Π3/2 (000) band are measured and analyzed. The observed spectral 
patterns show clear dependence on the laser intensity. In fact, transitions from higher 
rotational states over J = 60.5 of N2O+ in the X 2Π3/2 (000) state are observed by 
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increasing the intensity of the intense femtosecond laser pulses from 9.0×1013 W/cm2 to 
1.1×1014 W/cm2. The obtained excitation spectra cannot be reproduced by the spectra 
calculated under the assumptions that rotational states of N2O+ in the X 2Π3/2 (000) state 
are thermally populated. A simplified model based on the polarizability interaction is 
built to reproduce the measured excitation spectra and to extract the rotational-state 
distribution of N2O+ in the X 2Π3/2 (000) state. In this model, N2O molecules in the 
intense laser fields are rotationally excited by multiple Raman transitions induced by the 
polarizability interaction until the time t = tswitch, where tswitch is an adjustable parameter. 
After the ionization (tswitch < t), the rotational excitation processes of N2O+ in the X 2Π3/2 
(000) state are induced in the intense laser fields. Excitation spectra calculated using this 
model agree well with the observed spectra. Therefore, it is concluded that the observed 
rotational excitation is attributed to the sequence of the rotational Raman excitation that 
occurs in the electronic and vibrational ground states of both N2O molecules and N2O+ 
ions. The determined rotational-state distribution shows that high-J states are populated 
by the intense femtosecond laser pulses. The maximum values of J are about 53.5 and 
61.5 when using the intense femtosecond laser pulses with intensities of 9.0×1013 W/cm2 
and 1.1×1014 W/cm2, respectively. The higher rotational states are populated by stronger 
laser pulses because the polarizability interaction is enhanced as the laser intensity 
increases.  
In addition to the rotational-state distribution, it is important to investigate whether 
the rotational states of N2O+ in the X 2Π3/2 (000) state are coherently populated. It is 
known that the rotational coherence of neutral molecules can be investigated using two 
intense femtosecond laser pulses. The populations of rotational states change with the 
delay between the two laser pulses if the rotational states of the molecules are coherently 
populated by the first laser pulse. In the present study, this experimental technique, which 
is well established for neutral molecules, is applied to molecular ions produced by the 
intense femtosecond laser pulses. Two intense femtosecond laser pulses are used to 
investigate how a change of the delay between the two intense laser pulses affects the 
rotational-state populations of the molecular ions generated by the first intense laser pulse. 
The nanosecond laser pulse mainly probes the population of J = 40.5. It is found that the 
population of this rotational state oscillates periodically by changing the delay between 
the two intense femtosecond laser pulses. This oscillation of the rotational-state 
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population is evidence that the several rotational states of N2O+ in the X 2Π3/2 (000) state 
are coherently populated. The similar oscillation of the rotational-state population is 
observed even when the population of the neighboring rotational state, J = 39.5, is 
monitored by the nanosecond laser pulse. The observed oscillations of the populations of 
J = 39.5 and 40.5 are in antiphase relation at delays of 1/8 τrev and 3/8 τrev even though 
both of the oscillatory signals are in phase each other at delays of 1/4 τrev and 1/2 τrev, 
where τrev is the revival time of 2Π molecules (81.3 ps) and twice as large as the rotational 
period of 1Σ+ molecules. It is shown that the antiphase behavior is attributed to the 
different dependence of the alignment dynamics on J.  
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